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Abstract: Shrubby seablite or lani (Suaeda fruticosa Forssk) is a perennial euhalophyte with succulent leaves, 
which could be planted on arid-saline lands for restoration and cultivated as a non-conventional edible or 
cash crop. Knowledge about the impacts of maternal saline environment on seed attributes of this important 
euhalophyte is lacking. This study investigated the effects of maternal salinity on yield, size and stress 
tolerance of $. fruticosa seeds. Seedlings of S. fruticosa were grown in a green net house under increasing 
maternal salinity levels (0, 300, 600 and 900 mM NaCl) until seed production. Total yield, size, stress 
tolerance and germination of the descended seeds under different maternal saline conditions were examined. 
Plants grown under saline conditions (300, 600 and 900 mM NaCl) produce a substantially higher quantity of 
seeds than plants grown under non-saline condition (0 mM NaCl). Low maternal salinity 300 mM NaCl) 
improves seed size. Seeds produced under all maternal salinity levels display a higher tolerance to low 
temperature (night/day thermoperiod of 10°C/20°C), whereas seeds produced under 300 mM NaCl maternal 
saline condition show a better tolerance to high temperature (night/day thermoperiod of 25°C/35°C) during 
germination. Seeds from all maternal saline conditions germinate better in the 12 h photoperiod (12 h 
light/12 h dark) than in the dark (24 h dark); however, seeds produced from low and moderate maternal 
saline conditions (300 and 600 mM NaCl) show a higher germination in the dark than those from control and 
high maternal saline conditions (0 and 900 mM NaCl). In general, maternal salinity is found to improve yield, 
size and stress tolerance of $. fruticosa seeds. 
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1 Introduction 


Saline lands are stressful heterogenous habitats with large spatiotemporal variations in salinity, 
moisture and temperature (Ievinsh, 2006; Bui, 2013; Qadir et al., 2014). As a result, only 
halophytes are naturally found on saline lands (Flowers et al., 2010). Many halophytes can endure 
as high as seawater salinity or more at the growth level and some, called obligate halophytes or 
euhalophytes, can even grow better at a certain salinity level compared to low or no salt conditions 
(Hameed et al., 2012; Moir-Barnetson et al., 2016). Despite high tolerance at the growth level, 
halophytes, including most euhalophytes, can endure low to moderate salinity during the seed 
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germination stage (Di Caterina et al., 2007; Gul et al., 2013). For example, the euhalophyte Suaeda 
fruticosa Forssk can tolerate 1000 mM NaCl at the growth level (Khan et al., 2000) but only 500 
mM NaCl during the seed germination stage (Khan and Ungar, 1998). Often, salinity-induced seed 
germination inhibition is ascribed to the decrease in soil water potential due to excess salts that 
restrict seed imbibition (Bewley and Black, 1994; Pujol et al., 2000; Gul et al., 2013). However, ion 
toxicity because of high Na* content of saline soil/water has also been reported to have negative 
impacts on seed germination of some euhalophytes (Song et al., 2005; Hameed et al., 2013). 

Beside salinity, the thermoperiod and photoperiod also impact seed germination of euhalophytes 
(Gul et al., 2013; El-Keblawy et al., 2018). For most subtropical euhalophytes, a moderate 
thermoperiod of 20°C/30°C and light are considered optimal for germination of seeds (Khan and 
Gul, 2006). Whereas, high temperatures and dark conditions cause the higher inhibition of seed 
germination of most halophytic plants (Gul et al., 2013; El-Keblawy et al., 2018). For instance, 
seeds of Zygophyllum propinquum Decne. (Manzoor et al., 2017) and Urochondra setulosa Trin. 
(Gulzar et al., 2001) germinated optimally under the thermoperiod of 20°C/30°C and in the 
presence of light. Hence, a thorough understanding of the sensitivity of seeds to variations in 
abiotic factors appears important from both ecological and agronomic viewpoints. 

The maternal environments (i.e., habitat conditions during the growth of mother plants) such as 
soil salinity may also affect tolerance and germination attributes of seeds through transgenerational 
induction (Holeski et al., 2012; Wang et al., 2015; El-Keblawy et al., 2018). For instance, exposure 
of mother plants to salinity improved production, salt tolerance and vigor of Suaeda salsa L. seeds 
(Guo et al., 2015). Likewise, seeds of Suaeda aegyptiaca (Hasselq.) Zoh. in saline lands showed a 
higher germination in NaCl solutions at higher temperatures compared to those in non-saline 
environments (El-Keblawy et al., 2016). Maternal effects are considered to be important 
adaptations that enhance progeny fitness based on the experience of the parental generation 
(Galloway, 2005; Holeski et al., 2012). The previous studies mostly examined the effects of saline 
environments of mother plants on vigor and salt tolerance of progeny seeds (Guo et al., 2015; 
El-Keblawy et al., 2016, 2018). It is still obscure if exposure of mother plants to salinity may 
induce a cross-tolerance in seeds for other abiotic stresses such as temperature and photoperiod. 

Shrubby seablite or lani (S. fruticosa), belonging to the family of Amaranthaceae, is a perennial 
euhalophyte with succulent leaves and is widely reported from both inland and coastal saline areas 
of Pakistan and many southern Irano-Turanian and Saharo-Sindian countries (Khan et al., 2000; 
Freitag et al., 2001). This species can tolerate 500 mM NaCl during the seed germination period 
(Khan and Ungar, 1998) and 1000 mM NaCl during the growth period (Khan et al., 2000). It can 
serve as a potential crop on saline soils for camel forage (Towhidi et al., 2011), domestic soda or 
Sajji (Freitag et al., 2001), edible seed oil (Weber et al., 2007) and medicinal purposes (Samia et al., 
2011; Oueslati et al., 2012; Rehman et al., 2013). Its cultivation could also help in land reclamation 
from salinization (Khan et al., 2009) and bioremediation of toxic metals (Bankaji et al., 2016). Seed 
germination ecophysiology (Khan and Ungar, 1998; Hameed et al., 2006), mechanisms underlying 
salinity induced germination inhibition (Hameed et al., 2014) and physiochemical responses of 
mature plants of S. fruticosa (Labidi et al., 2010; Hameed et al., 2012; Bankaji et al., 2016; Yadav et 
al., 2018) have been studied. However, there is a dearth of knowledge about the impacts of maternal 
salinity on germination attributes and tolerance of the progeny seeds of this euhalophyte. This study 
thus attempted to answer the following questions: (1) How does salinity exposure of mother S. 
fruticosa plants affect quantity and morphology of their seeds? (2) Does an exposure of mother S. 
fruticosa plants to salinity induce a cross-tolerance in their seeds to temperature variations? (3) Is 
salt tolerance of S. fruticosa seeds influenced by the maternal saline environment? And (4) does the 
saline environment of mother S. fruticosa plants influence the photoblastic responses of their seeds? 


2 Materials and methods 


2.1 Habitat and collection of seeds 


Seed-bearing inflorescence of S. fruticosa were collected in January 2015 from a large population 
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found in coastal salt-flat areas along marshes of Hawke's Bay, Karachi, Pakistan (24°52'22"N, 
66°51'25"E). The seed collection site has a subtropical summer monsoon climate. The soil type was 
mainly sandy with soil electrical conductivity and moisture ranging from 55 to 191 dS/mand from 
1.6% to 9.5%, respectively (Zia et al., 2007). This site had uneven topography and was dominated 
by perennial euhalophytic vegetation. Seeds were randomly collected from a large number (>100) 
of plants. They were scrub-cleaned using a rubber car-mat and stored at 25°C—30°C before the start 
of experiments. 


2.2 Growth conditions and treatments 


Plants were grown from the seeds in plastic pots (diameter of 12 cm and depth of 26 cm) filled with 
sand. Three seeds were sown per pot initially, and after the seedling emergence, one healthy 
seedling was left per pot. Irrigation was done via a tiny hole made in the bottom of the pots, 
initially with water and then with half-strength Hoagland nutrient solution after the seedling 
emergence (Epstein, 1972). Seedlings were grown in a green net house under ambient conditions 
with the daily maximum air temperature of 30°C—37°C, the relative humidity of 30%—60%, and the 
mid-day (13:00 LST) light of 1000-1500 umol/(m?.s). After 10 weeks, seedlings were transferred 
into large plastic pots (diameter of 13 cm and depth of 30 cm) containing sand. After 1 week of 
transplanting, salinity treatments (0, 300, 600 and 900 mM NaCl) were started gradually (50 mM 
NaCl increments per 12 h) to protect plants from osmotic-shock. This scheme was arranged to 
achieve the final salinity levels at the same time. It should be noted that we replaced all treatment 
solutions every week to sustain nutrient content. For each salinity treatment, 4 replicate pots with 
one plant for each were used, which were nurtured for about 10 months until seed 
production/maturation. 


2.3 Harvest and examination of seed characteristics 


Seeds were harvested manually by clipping all seed-bearing inflorescence from each replicate plant 
of each salinity treatment separately. Inflorescence was scrubbed on a rubber-mat and seeds were 
handpicked followed by examining husks under a handheld lens for any remaining seeds. Total 
seed production per mother plant was determined by measuring the weight of total seeds produced 
by each plant for each salinity treatment. Total seed production was also estimated by counting the 
total number of seeds on mother plants for each maternal salinity treatment. Seed production 
measurements for each salinity treatment were recorded for 4 replicate plants. Seeds produced 
under different maternal salinity levels were then photographed and their size was estimated using 
Image J software (http://imagej.nih. gov/1j/images/). 


2.4 Seed germination experiments 


Four replicates of 25 seeds were used for each germination treatment. Germination experiments of 
seeds collected from mother plants grown under different maternal salinity treatments were 
performed in plastic Petri plates (50 mm in diameter) containing 5 L of treatment solution and 
placed in programmed incubators. Seeds were separately germinated in 200 mM NaCl solution 
(i.e., defining salinity tolerance value for halophytes; Flowers and Colmer, 2008) to compare salt 
tolerance of seeds produced under different maternal salinity treatments at the night/day 
thermoperiod of 20°C/30°C (common optimal thermoperiod for halophytes of subtropical habitats; 
Gul et al., 2013). The light in the incubators was provided via Philips cool fluorescent lamps (400— 
700 nm; approximately 25 umol/(m*-s)). The final germination percentage as marked by visibility 
of radicles (Bewley and Black, 1994) was noted at the 2 d intervals for 20 d. The germination rate 
(GR), using the Timson index, was calculated with the formula: GR=)G/t (where G is the 
germination percentage at the 48 h intervals (%) and t is the total time (d); Khan and Ungar, 1984). 
Seed lots produced under different maternal salinity treatments were imbibed in distilled water and 
kept at low (10°C/20°C), moderate (20°C/30°C) and high (25°C/35°C) thermoperiods to study the 
effect of maternal salinity on temperature tolerance of seeds during germination. The final 
germination percentage and germination rate were determined as described above. In order to 
compare photoblastic requirements of seeds produced under different maternal salinity treatments, 
we divided the seeds into two lots: one lot was germinated under a 12 h photoperiod (12 h light/12 


JOURNAL OF ARID LAND 


h dark) and the other was kept under complete dark condition (24 h) in distilled water at 
20°C/30°C. For the 24 h dark treatment, petri-plates were wrapped in a dark photographic envelope 
and germination was recorded on the 20" d after germination. 


2.5 Statistical analyses 


We used SPSS version 20.0 (SPSS, 2015) for the analyses of data. Final germination percentage 
was transformed (arcsine) before analysis of variance (ANOVA), which tested whether 
experimental factors affected seed germination significantly. Post-hoc Bonferroni test highlighted 
significant (P<0.05) differences among mean values. 


3 Results 


3.1 Morphology and quantity of seeds produced under different maternal salinity 
treatments 


Seed production (both total seed number and total seed mass) per plant was substantially higher 
under saline conditions than under non-saline condition (Fig. 1). More specifically, seed quantity 
was found to be in the following decreasing order of magnitude: 600>300>900>0 mM NaCl 
maternal salinity. Seed size was largest in plants grown under 300 mM NaCl maternal salinity level 
compared to those under control and the other salinity levels (Fig. 2). Seeds were shiny black, 
smooth textured and drop-shaped. There was no difference in color, seed coast texture or shape of 
the seeds across different maternal salinity treatments (Fig. 2). 


3.2 Temperature tolerance of seeds produced under different maternal salinity treatments 


Seeds were germinated in distilled water in a temperature-dependent manner (Table 1; Fig. 3). Ata 
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Fig. 1 Effects of maternal salinity on seed production of Suaeda fruticosa plant. (a), qualitative seed production per 
plant; (b), total seed number per plant; (c) total seed mass per plant. F-values are given. * means significance at P<0.05 
level and ** means significance at P<0.01 level (ANOVA). Bars represent standard errors. Different lowercase letters 
indicate significant difference (P<0.05) among different maternal salinity treatments (Post-hoc Bonferroni test). 
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Fig.2 Effects of maternal salinity on seed size (a and b) of Suaeda fruticosa plants. Bars represent standard errors. 


Different lowercase letters indicate significant difference (P<0.05) among different maternal salinity treatments 
(Post-hoc Bonferroni test). 


Table 1 ANOVA indicating effects of maternal salinity (MS), incubation temperature (T) and their interaction on 
mean final germination percentage (%) and germination rate of Suaeda fruticosa seeds 


Factor Final germination percentage Germination rate 
MS 9.730%" 9.221” 
T 2.334" 15.669% 
MSxT 5.379" 4.604" 


Note: Numbers are F values. *, P<0.05 level; **, P<0.01 level; ***, P<0.001 level. 


low (10°C/20°C) thermoperiod, seeds of saline origin showed greater final germination percentage 
and germination rate than those of non-saline control, with the values increasing significantly from 
0 to 600 mM NaCl maternal salinity levels (Fig. 3). At a moderate (20°C/30°C) thermoperiod, 
seeds from all maternal salinity treatments showed similar final germination percentage and 
germination rate with those from control treatment (Fig. 3). Specifically, the final germination 
percentage and germination rate of seeds produced under 300 and 600 mM NaCl maternal salinity 
levels were slightly higher than those under control treatment, while seeds produced under 900 mM 
NaCl maternal salinity level showed slightly lower final germination percentage and germination 
rate compared to those under control treatment. A high (25°C/35°C) thermoperiod led to slight 
inhibition of germination of seeds produced under all saline and non-saline conditions except for 
300 mM NaCl maternal salinity treatment (Fig. 3). 


3.3 Salt tolerance of seeds produced under different maternal salinity treatments 


Maternal salinity improved salt tolerance of S. fruticosa seeds. In general, seeds produced under 
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Fig. 3 Effects of maternal salinity on final germination percentage and germination rate of Suaeda fruticosa seeds 
under different thermoperiods. Bars represent means with standard errors. Different lowercase letters indicate 
significant difference (P<0.05) among maternal salinity treatments (Post-hoc Bonferroni test). 


saline conditions (irrespective of maternal salinity levels) showed a higher final germination 
percentage under 200 mM NaCl condition than those produced under non-saline condition (Fig. 4). 
The germination rate also displayed a similar trend for the final germination percentage. 
Improvement in germination rate (F value=9.940; P<0.01) was generally comparable to that in 
final germination percentage (F value=7.437; P<0.05) of seeds produced under saline conditions. 


3.4 Photoblastic responses of seeds produced under different maternal salinity treatments 


Seeds produced under both non-saline and saline conditions showed a greater final germination 
percentage under the 12 h photoperiod (12 h light/12 h dark) than under the dark treatment (24 h 
dark; Fig. 5). However, seeds produced under 300 and 600 mM NaCl maternal salinity levels 
showed a higher final germination percentage under the dark treatment than those produced under 0 
and 900 mM NaCl maternal salinity levels (Fig. 5). The difference between final germination 
percentages under the 12 h photoperiod and under the dark treatment was higher in seeds from 600 
and 900 mM NaCl maternal salinity levels than those from 0 and 300 mM NaCl maternal salinity 


levels. 


4 Discussion 


The maternal environment during seed development may influence both the quantity and quality of 
the seeds (He et al., 2014; Guo et al., 2015; Song et al., 2016). In this study, seed production per 
plant was substantially higher under saline conditions than under non-saline condition and the 
mean seed mass/size of S. fruticosa plants was greater under 300 mM NaCl maternal salinity level 
than under the other salinity levels (Fig. 6). Similarly, the mean seed mass/size of another 
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Fig.4 Effects of maternal salinity on final germination percentage and germination rate of Suaeda fruticosa seeds in 
200 mM NaCl solution. F-values are given. * means significance at P<0.05 level and ** means significance at P<0.01 
level (ANOVA). Bars represent standard errors. Different lowercase letters indicate significant difference (P<0.05) 
among maternal salinity treatments (Post-hoc Bonferroni test). 
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Fig. 5 Effects of maternal salinity on final germination percentage of Suaeda fruticosa seeds under the 12 h 
photoperiod (12 h light/12 h dark) and under the dark treatment (24 h dark). The black circles represent final 
germination percentages under the 12 h photoperiod (12 h light/12 h dark) and the rectangles represent final 
germination percentages under 24 h dark treatment. Bars represent standard errors. Different capital letters indicate 
significant difference (P<0.05) among different maternal salinity treatments under the 12 h photoperiod treatment 
(Post-hoc Bonferroni test), while different lowercase letters indicate significant difference (P<0.05) among different 
maternal salinity treatments under the dark treatment (Post-hoc Bonferroni test). F-values are given for the significant 
effects of maternal salinity (MS), photoperiod (L) and their interaction (MSxL) on mean final germination 
percentage, represented as Fms, FL and Fmsx, respectively. * means significance at P<0.05 level; *" means 
significance at P<0.01 level; ““* means significance at P<0.001 level (ANOVA). 


euhalophyte, S. salsa, was also greater under 200 mM NaCl maternal salinity level as compared 
with 1 mM NaCl control maternal salinity (Guo et al., 2015). Zhou et al. (2016) reported that 
exposure of mother plants of S. salsa to salinity during seed development enhanced photosynthesis 
of developing embryos that provides oxygen and adenosine triphosphate, which in turn favored the 
larger seed size. Similarly, Guo et al. (2015) reported better food reserve content in S. salsa seeds 
produced under 200 mM NaCl maternal salinity level than under 1 mM NaCl maternal salinity 
level, with a concurrent larger size in the former seeds relative to the latter mentioned seeds. Seed 
mass of the facultative desert halophyte Anabasis setifera Moq. (El-Keblawy et al., 2016) was 
lower from the population growing in saline habitat than in non-saline habitat. Minuto et al. (2011) 
reported that seed morphology is an indicator of the ecological adaptations of the mother plants to 
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their natural environment. Hence, better quality and quantity of euhalophyte seeds under saline 
conditions might be an indicator of their adaptation to complete lifecycle under saline conditions. 
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Fig. 6 Pictorial model indicating the effects of maternal salinity on yield, size and stress tolerance of Suaeda 
fruticosa seeds. Black circle depicts the seed and the radius indicates the seed size. 


Seeds of S. fruticosa produced under saline conditions showed a better tolerance to low 
temperature (10°C/20°C) during germination than those under non-saline condition, whereas seeds 
produced under 300 mM NaCl maternal salinity level displayed a better tolerance to high 
temperature (25°C/35°C). This might be related to the local soil salinity and temperature conditions 
during seed germination of the studied species in its natural local habitat, where the test species is 
adapted. Both non-saline and saline origin seeds of Suaeda vermiculata showed similar final 
germination percentages across different temperatures (El-Keblawy et al., 2018). In contrast, seeds 
of S. aegyptiaca from the saline habitat showed a lower final germination percentage under low and 
high temperatures compared with the seeds from the non-saline habitat (El-Keblawy et al., 2017). 
Hence, the effects of maternal salinity on seed germination could be variable under different 
temperatures, even within the genus Suaeda. Recently, Hadi et al. (2018) reported that exposure of 
germinating seeds to low salinity induced a cross-tolerance to high temperature in Salvadora 
persica Linn. during germination. A similar transgenerational cross-tolerance might be possible in 
the seeds produced from salinity-treated plants in this study, and this mechanism needs to be 
investigated in the future. Stress tolerance of seeds during germination is often reported to be 
linked to their chemical composition (Bewley and Black, 1994; Guo et al., 2015). For instance, S. 
salsa seeds produced under high saline conditions showed better stress tolerance than those 
produced under low saline conditions and were represented by higher protein, sugar, starch, lipid 
and gibberellic acid contents (Guo et al., 2015; Wang et al., 2015). Hence, the better tolerance to 
supra-/sub-optimal temperatures in seeds of S. fruticosa from salinity-treated plants could be 
related to seed composition such as hormonal and food reserve levels. However, detailed studies 
about the biochemical/molecular basis of differential temperature tolerance of seeds produced 
under different maternal salinity levels are required. 

Salt tolerance of S. fruticose seeds produced in the saline medium was substantially higher than 
that of seeds produced in the non-saline medium. In the 200 mM NaCl solution, both the final 
germination percentage and germination rate of S. fruticosa seeds produced under saline conditions 
were substantially higher than those of seeds produced under non-saline condition. This may help 
test species to occupy community gaps through quick germination after the scant monsoon rains. 
Similarly, salt tolerance during germination was also higher in the S. salsa seeds produced under 
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high maternal salinity in comparison to low maternal salinity (Wang et al., 2015), which was 
ascribed to their better food reserves (Guo et al., 2015). 

Maternal salinity impacts on photoblastic responses of halophyte seeds have seldom been 
studied. Recently, it was reported for A. setifera that seeds from two contrasting habitats showed 
differences in germination under dark and light conditions (El-Keblawy et al., 2016). In contrast, 
seeds of S. aegyptiaca from non-saline and saline habitats showed a similar percent inhibition of 
germination in the dark (El-Keblawy et al., 2017). In this study, under the dark treatment, seeds of 
S. fruticosa produced from low to moderate saline conditions showed a better germination than 
those from non-saline and highly saline conditions. Hence, the sensitivity of seeds produced under 
different maternal salinity levels to the dark seems to vary among species and with the magnitude 
of the maternal salinity level. However, the better germination under the dark treatment for seeds 
produced under low to moderate maternal salinity levels could be attributed to the differential 
chemical composition of these seeds. For instance, Wang et al. (2015) reported that 
germination-promoting hormone gibberellic acid content was higher in seeds of S. salsa produced 
under 500 mM NaCl maternal salinity level than those seeds produced under 1 mM NaCl maternal 
salinity level. The role of gibberellic acid in light-mediated germination is well established 
(Lariguet et al., 2013). 


5 Conclusions 


Suaeda fruticosa is a euhalophyte that produces a substantially higher quantity of seeds under 
saline conditions compared with the non-saline condition. Low maternal salinity (300 mM NaCl) 
improves seed size. Maternal salinity also improves the tolerance of seeds to salinity, low and high 
temperatures and darkness during germination. Hence, maternal salinity appears to improve yield, 
size and stress tolerance of S. fruticosa seeds. This research provides an essential baseline 
information about the seed ecology of this important cash crop, which can be used during its mass 
scale cultivation for optimal seed production and quality. However, we suggest a detailed study 
involving modern molecular tools to identify gene(s) responsible for the maternal control of seed 
size and yield in the future. 
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